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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
It has been reported that dynamic and cyclic large deformation the main factor, and as for the brittle fracture of the weld steel 
structure at the Hanshin-Awaji earthquake in 1995. As for this issue, fracture toughness deteriorates by the change in tensile 
properties of the steel materials by the dynamic and/or cyclic strain, and it is thought that fracture was initiated from weld defects.
Fracture toughness change due to dynamic and/or cyclic strain was quantified at FTE Committee in Japan welding engineer society
(JWES), and the result is taken in an assessment procedure standard of WES2808(2003). Thereafter, the FTE committee examined 
the expansion of application steel materials continuously and was able to adapt HT780 as a target range in this standard revision.
In this report, a temperature shift concept that is t e basic of the fracture toughness evaluation of WES2808 is described the 
influ nce of the dynamic lo ding and pre-str in. And it is included the comparison of strain-history effect such as monotonic vs. 
cyclic strain and tensile vs. compressive strain. In addition, it is examined the influence of the dynamic and pre-strain history on 
fracture toughness chang  for HT780 and confirmed that a temperature shift equations in WES2808 (2003) can be applicable to 
HT780 steel.
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1. Introduction
It is known that both pre-strain and dynamic loading degrade the fracture toughness of structural steels, causing a
shift of the ductile brittle transition temperature (DBTT) toward the high temperature side [JWES (1996)]. The changes 
in such fracture toughness relate to the amount of received pre-strain and its strain rate. In order to assess such changes
of fracture toughness of material, a procedure employing skeleton strain [Hidaka et al (1995)] as an indicator of the 
amount of pre-strain, as well as a procedure employing the strain rate - temperature parameter R [Toyosada et al 
(1987)] as an indicator of the rate of pre-strain have been suggested. The Iron and Steel Division of the Japan Welding 
Engineering Society has been studying the applicability of these procedures [JWES (2003)]. These parameters seem 
to be basically applicable to cases in which cyclic and dynamic loading occur together, such as an earthquake. 
However,
a) when both dynamic loading and pre-strain are applied, the change caused in the quality of steel is not always equal 
to the simple accumulation of variations due to pre-strain and dynamic loading. Therefore,
b) the adoption of pre-strain and strain rate as parameters would complicate the assessment procedures, which would 
be difficult to address from an engineering point of view. For this reason, we have decided to propose, in this 
fracture assessment standard, an assessment procedure that uses the change in flow stress “∆σfPD" as an indicator, 
as shown in Fig. 1. The concept and method for assessing changes in fracture toughness based on the ∆σfPD
(temperature shift of the critical CTOD and temperature curve ΔTPD) are discussed in Fig. 1.
Nomenclature
A Material constant in temperature parameter R equation
δoriginal Fracture toughness value of the original-thickness steel
δreduced Fracture toughness value of the reduced-thickness steel
ΔσfPD Increase in the flow stress due to pre-strain and dynamic loading (=(∆σY+∆σT)/2)
ΔσT Increase in tensile strength
ΔσY Increase in yield stress from static and non pre-strain conditions
ΔTPD Temperature shift used in the estimation of the critical CTOD from the Charpy absorbed energy
ε Strain rate
R temperature parameter
σT Yield stress of the material 
σY Tensile strength of the material
T Test temperature (K)
Fig. 1 Method of assessing change of fracture toughness due to pre-strain and dynamic loading.
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2. Effects of pre-strain and dynamic loading on fracture toughness
Pre-strain and dynamic loading increase mechanical strength of steel such as both yield stress and tensile strength 
by work hardening and by the effect of the strain rate, respectively [Kudo et al (1998)]. That is, both pre-strain and 
dynamic loading lead to increased steel strength in spite of differences in their mechanism. The increase in mechanical 
strength enhances the stress field in the vicinity of a crack tip when cracked materials are subjected to loading, resulting 
in a greater driving force to cause brittle fracture. Figures 2-6 show the results of fracture toughness tests for JIS
SM490A, SN490B steel, SA440, SM570Q steel and HT780 steel, respectively. The thickness of specimens was the 
same as that of the steel material (25 mm), and the ratio of crack length a0 to the specimen width W (a0/W) was set to 
0.5 in accordance with standard fracture toughness test specimen. The tests were conducted under the tensile pre-strain 
condition, the dynamic loading condition, and with both in combination. The test details are as follows:
• Tensile pre-strain condition: Test specimens for fracture toughness test were taken from steel plates to which
tensile pre-strain had been applied up to 10 %. Because a large amount of pre-strain may change the quality of 
the steel such as the material may display necking, and micro cracks may be generated in the area where the
material becomes brittle due to large amount of pre-strain, a pre-strain was applied only up to the material 
uniform elongation.
• Dynamic loading condition: Virgin steel that had not been pre-strained was tested under static loading and at a
loading rate of up to 300 mm/s.
• Combined loading condition: Test specimens for fracture toughness sampled from steel plates that had been pre-
strained were tested at loading rates of 10 mm/s and 300 mm/s.
Figures 2-6 indicate that the effects of pre-strain and dynamic loading on the critical CTOD for all tested steels. 
The critical CTOD of the steels was clearly reduced from that of virgin steels or steels under static conditions. In 
particular, it was significantly decreased under the combined conditions of pre-strain and dynamic loading.
As shown in Fig. 7 (a), we represent the shift due to pre-strain as ΔTP, the shift due to dynamic loading as ΔTD and 
the shift due to the combined effects of dynamic loading and pre-strain as ΔTPD from the critical CTOD - temperature 
curve to compare the temperature shift under the combined conditions with the sum of the temperature shifts resulting 
from pre-strain and dynamic loading (ΔTP+ΔTD). The reviewed test results of SM490A/SN490B and SA440 /SM570Q 
steels are shown in Fig. 7 (b) and Fig. 7 (c), respectively. Please note that the critical CTOD - temperature shift was 
evaluated at a CTOD ≈ 0.10 mm. Except in cases where the pre-strain was quite small, the sum of the temperature 
shifts (ΔTP+ΔTD) was clearly larger than the shift under the combined conditions (ΔTPD), suggesting that although 
ductile deterioration under the combined conditions is fairly large, it is not as large as might be expected from the 
simple addition of the separate cases of ductile deterioration due to pre-strain and that due to dynamic loading.
(a) Effect of pre-strain                           (b) Effect of dynamic loading                                 (c) Combined effect
Fig. 2 Effect of pre-strain and dynamic loading on critical CTOD (SM490B)
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(a) Effect of pre-strain                          (b) Effect of dynamic loading                                 (c) Combined effect
Fig. 3 Effect of pre-strain and dynamic loading on critical CTOD (SN490B)
(a) Effect of pre-strain                          (b) Effect of dynamic loading                                (c) Combined effect
Fig. 4 Effect of pre-strain and dynamic loading on critical CTOD (SA440)
(a) Effect of pre-strain                  (b) Effect of dynamic loading                               (c) Combined effect
Fig. 5 Effect of pre-strain and dynamic loading on critical CTOD (SM570Q)
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(a) Effect of pre-strain                          (b) Effect of dynamic loading                                 (c) Combined effect
Fig. 3 Effect of pre-strain and dynamic loading on critical CTOD (SN490B)
(a) Effect of pre-strain                          (b) Effect of dynamic loading                                (c) Combined effect
Fig. 4 Effect of pre-strain and dynamic loading on critical CTOD (SA440)
(a) Effect of pre-strain                  (b) Effect of dynamic loading                               (c) Combined effect
Fig. 5 Effect of pre-strain and dynamic loading on critical CTOD (SM570Q)
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(a) Effect of pre-strain                            (b) Effect of dynamic loading                                (c) Combined effect
Fig. 6. Effect of pre-strain and dynamic loading on critical CTOD (HT780)
(a) Temperature shift of the critical CTOD and temperature curve due to dynamic strain and pre-strain
(b) SM490A and SM490B                                                     (c)  SA440 and SM570Q
Fig. 7 Effect of pre-strain, dynamic loading and combined effect of these two factors
          on temperature shift of the critical CTOD curve
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3. Relationship between temperature shift ∆TPD in the critical CTOD and change in flow stress ∆σfPD
The critical CTODs of structural steels are reduced due to pre-strain and dynamic loading (shift in the CTOD-
temperature curve toward the high-temperature side), mainly because mechanical strength (yield stress and tensile 
strength) of materials increases under pre-strain and dynamic loading conditions, thereby inducing an increase in the 
stress field in the vicinity of crack tips [Minami et al (2001)]. From those results, it is suggested that the fracture 
toughness under pre-strain and dynamic loading conditions relates to the mechanical strength of materials under the 
same conditions and that the change in strength from static and non pre-strain conditions corresponds to the change 
in fracture toughness. We have decided to employ, for this specification, the amount of change in flow stress ΔσfPD as 
an indicator for change in strength.
ΔσfPD = (ΔσY+ΔσT) / 2 (1)
The temperature shift ΔTPD at the level of the critical CTOD ≈ 0.1 mm due to pre-strain and dynamic loading was
determined from the test results, and then the difference ΔσfPD between flow stresses under pre-strain/dynamic loading 
conditions and those under static/non pre-strain conditions at the temperature providing the critical CTOD value was 
calculated with equations in accordance with JWES 2808 procedure. The relationship between ΔσfPD and ΔTPD thus 
obtained is shown in Fig. 9. Here, the strain rate under the static loading test is considered to be ε =10-4/s, while the 
strain rate ε   in the vicinity of the crack tip of the specimen under dynamic loading is evaluated using the following 
equation with a loading rate ν [Minami et al (2000)].
ε = ν / 10 (v : mm/s) (2)
Considering the variations in the critical CTOD data obtained in the tests, we dealt with the results of the fracture
toughness using the Arrhenius equation (relationship between logarithm of the CTOD and 1/T, where T is the test
temperature) in order to determine the temperature shift ΔTPD. According to Fig. 9, the temperature shift in the fracture 
toughness ΔTPD value increases proportionately with ΔσfPD within a small range of the change in flow stress ΔσfPD, 
but the rate of increase of ΔTPD slows down when ΔσfPD reaches a certain level. In this specification, the following 
points were taken into consideration:
a) A great amount of heat may be generated at evaluation targets in building structures when the structures are
subjected to cyclic and dynamic loading due to earthquakes; and,
b) The growth of ductile cracking due to cyclic loading might cause the crack tip to run through a zone where the
material has been degraded by pre-strain.
In this specification, therefore, ΔTPD was defined as follows:
(4)
Equation (4) determines the temperature shift at a level of the critical CTOD ≈ 0.10 mm, and it is necessary to 
estimate a larger value at a higher level of the CTOD (conservative evaluation). ΔσfPD in Fig. 8 is the difference in 
flow stresses under both pre-strain/dynamic conditions and static/non pre-strain conditions at the temperature at which 
the critical CTOD becomes approximately 0.10 mm. This procedure, however, is intended to replace the fracture 
toughness value under pre-strain/dynamic loading conditions with that of virgin steel (static/non pre-strain conditions), 
and the value of ΔTPD is still unknown when ΔσfPD is calculated, unlike the case in Fig. 8. Hence, as shown in equations 
(3) through (5), it was decided to evaluate ΔσfPD as the difference in flow stresses under conditions of pre-
strain/dynamic loading and static/non pre-strain at service temperature T (evaluation temperature). The change in flow 
stress, ΔσfPD calculated in this way is given a larger value (conservative evaluation) than ΔσfPD as shown in Fig. 8.
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(a) SM490A and SN490B                                                                   (b) SA440, SM570Q and HT7
Fig. 8 Correlation of the change in flow stress and temperature shift of the critical CTOD and temperature curve, ΔTPD
4. Effects of compressive pre-strain and cyclic strain
4.1. Effect of compressive pre-strain
The comparison of the amount of brittleness caused by tensile pre-strain and compressive pre-strain is shown in
Fig. 9. The amount of brittleness was calculated as the temperature shift before and after pre-strain was applied, using 
the temperature at which the critical CTOD reaches 0.10 mm as an indicator. In this figure, the brittleness of steel 
subjected to tensile pre-strain is compared with that of steel under compressive pre-strain of the same absolute 
magnitude as the tensile strain. This figure indicates that steels undergoing tensile pre-strain and compressive pre-
strain can be treated in the same manner, irrespective of the exact alloy and the amount of pre-strain.
Figure 10 shows the relationship between σfPD and ΔTPD including cases of steel under tensile pre-strain and
compressive pre-strain. This figure proves that the method for handling steels subjected to compressive pre-strain
which our fracture evaluation flow chart proposes can evaluate the brittle behaviour of steel plates after pre-strain is
applied. This approach is based on the assumption that the amount of brittleness due to compressive pre-strain is
identical to that caused by tensile pre-strain of the same magnitude.
Fig. 9. Comparison of change in brittleness.                 Fig. 10. Comparison relationship between between ΔσfPD and ΔTPD
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4.2. Effect of cyclic strain
Comparison between monotonic and cyclic pre-straining on Charpy transition curve using SM490A steel were 
summarized in Fig. 11. The change of the Charpy transition temperature shift quantity by the total amount of pre-
strain which taking into account of skeleton stain in the case of cyclic pre-strain. As shown in Fig. 11, cyclic pre-strain 
can be evaluated equally with the monotonic pre-strain by the total amount of pre-strain.
Fig. 11. Comparison of test result between monotonic and cyclic loading
5. Conclusion
The fracture toughness value for structural steels at an evaluation temperature T (minimum service temperature)
under pre-strain and dynamic loading conditions can be replaced by the static fracture toughness value for virgin steels 
(without pre-strain) at the reference temperature T-ΔTPD (Fig. 1). The temperature shift ΔTPD is given by the following 
equation as a function of the change ΔσfPD in flow stress from static and non pre-strain conditions. In addition, it is 
examined the influence of the dynamic and pre-strain history on fracture toughness change for HT780 and confirmed 
that a temperature shift equations in WES2808 (2003) can be applicable to HT780 steel. These results will be included
to the next revision of WES2808.    
The ΔTPD above is a temperature shift at the level where the critical CTOD ≈ 0.10 mm. A larger temperature shift
is estimated at a higher level of critical CTOD (conservative evaluation).
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